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ORIGINAL RAGE IS 
OF POOR QUALITY 

SUMMARY 

Carbon monoxide (CO), total oxides of nitrogen (N0 X ), unburned hydro- 
carbons (HC), and carbon dioxide (CO,,) emissions front an P10U(<£) after- 
burning two-spool turbofan engine at simulated flight conditions are 
reported herein, Tests were run for two auginentor configurations - Bill of 
Material, a flame holder design, and partial swirl, flame holder for fan 
duct air and swirled flow for core air, Emission tests were run at Mach 0.8 
at altitudes of 10.U7 and 13.71 km (36 000 and 4b 000 ft), and at Mach 1.2 
at 13.71 km (4b 000 ft), for each flight condition, emission measurements 
were made for one, two, or three power levels from intermediate power (non- 
afterburning) through maximum afterburning. Emission measurements were made 
using a single point gas sample probe traversed across trie horizontal diame- 
ter of the exhaust nozzle. 

The data showed that emissions vary with flight speed, altitude, power 
level, and radial position across the nozzle. Carbon monoxide emissions 
were low for intermediate power and partial afterburning, but increased 
sharply at maximum afterburning power. At maximum afterburning, there were 
regions of N0 X deficiency in regions of high 00 for both auginentor con- 
figurations, ' Unourned hydrocarbon emissions were low for most of the simu- 
lated flight conditions. Emissions of CO;* were proportional to local 
fuel-air ratio for all conditions. 

INTRODUCTION 

Testing of an F1G0(2) afterburning two-spool turbofan engine was con- 
ducted in an altitude facility to determine the oxides of nitrogen, unburned 
hydrocarbon, carbon monoxide, and carbon dioxide emissions at simulated 
flight conditions. Tests were run for two auginentor configurations, Bill of 
Material and partial swirl, for both configurations, emission tests were 
run at Macn 0.8 at altitudes of 10.9? and 13.71 km (36 000 and 4b 000 ft), 
ana at Macn 1.2 at 13.71 km (4b OuO ft), for each simulated flight condi- 
tion, emission measurements were made for one, two, or three power levels 
from intermediate power (nonafterburning) through maximum afterburning. 

Emission measurements from aircraft turbine engines, and in particular 
afterburning engines, at nigh-altitude supersonic flight conditions are 
needed to answer questions about the environmental impact of high perfor- 
mance aircraft. Other exhaust emissions surveys previously reported on 
atterourning turbojet and turbofan engines can be found in references 1 to 7 

This investigation was conducted in the Propulsion Systems Laboratory 
at the NASA Lewis Research Center, The purpose of this study was to measure 
and compare the exhaust emissions from a Bill of Material (flame-holder- 
type) auginentor and a partial swirl (flame holder for fan auct air and swirl 
flow for core air) augrnentor. The results of an exhaust emission survey of 
an flOG(l), Bill of Material augrnentor, were reported in reference 1, As 
stated, this survey was made with an P100U) engine. The F100U) engine had 
increased cooling flow to the turbine, tailored spray rings, and an extended 
exit splitter The simulated flight conditions in these surveys were not ' 
identical; therefore, the results are not directly comparable. 
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APPARATUS 

The F100(2) two-spool turbofen engine used in this investigation is 
shown installed in the test cell where this evaluation was performed 
(fig. 1). The P100 is a 111-kn (25 000-lbf) thrust class, high overall 
pressure ratio (23:1), low bypass ratio (0.71:1) engine. This engine has a 
mixed-flow afterburner with V-gutter, flame holders, and fuel spray rings. 
For the partial swirl augmentor, the core swirl was achieved by cutting back 
the turbine exit vanes (recambered fixea exit guide vanes) and removing the 
flame holder in the core stream (fig. 2(a)). Photographs of the Bill of 
Material and partial swirl augmentors are shown in figures 2(b) and (c), 
while the engine instrumentation locations used in this evaluation are shown 
in figure 2(d). A more complete description of the engine can be found in 
reference 8. 


INSTALLATION 

The engine installation in the altitude test chamber was a conventional 
direct-connect type shown in figure 1. Conditioned air required to simulate 
the selected flight conditions was provided by the facility and the engine 
exhaust pressure level required to simulate flight conditions was main- 
tained. Engine exhaust gases were captured by a water-cooled collector to 
prevent recirculation in the test chamber. These tests were run using OP-4 
fuel (MI L—T— 56246 ) . 


GAS SAMPLING SYSTEM 

A single-point, traversing, water-cooled gas-sample probe was used in 
this study. The traversing mechanism was capable of translating the probe 
±60 cm horizontally end ±20 cm vertically from the engine centerline. 

A photograph and a schematic of the sensor area of the probe are shown in 
figures 3(a) and (b). The gas-sampling probe has an inside diameter of 
0.72 cm (0.28 in.) end extended 1.9 cm (0.75 in.) forward of the probe 
support. The gas sample line was water-cooled for a distance of 8 cm 
(3.2 in.) from the probe tip. From this point the sample line inside 
diameter was 0.82 cm (0.32 in.) eric water-cooled an additional length of 
30 cm (12 in. ) . 

A total pressure probe was mounted 2.5 cm (1.0 in.) above the sample 
probe, end three unshielded iridium/iridium-rhodium thermocouples were 
mounted 2.5 cm (1.0 in.) and 5.0 cm (2.0 in.) below and 5 cm (2 in.) above 
the gas sample probe. 

A schematic of the gas analysis system is shown in figure 4(a). 
Approximately 10 m of 0.95-cm stainless-steel line was used to transport the 
sample to the analyzers, To prevent condensation of water and to minimize 
adsorption-desorption effects of hyorocarbon compounds, the line was heated 
with steam at 428 K. Four heated metal bellows pumps were used to supply 
sufficient gas sample pressure (17 N/cm 2 ) to operate the analytical 
instruments. The gas sample line residence time was less than 2 sec for all 
test conditions. 



ItA$ ANALYSIS INSTRUMENTATION 

Four commercially available instruments, along with associated periph- 
eral equipment necessary tor sample conili tioning and instrument calibration 
comprised the exhaust-gas analysis system (fig. 4(b)). 

The hydrocarbon (HC) content of the exhaust gas was measured on a wet 
basiSv using a Beckman Instruments Model 402 Hydrocarbon Analyzer. This 
instrument is of the flame ionization detector type. Both carbon monoxide 
(CO) and carbon dioxide (COo ) were measured dry, using analyzers of the 
nondispersive infrared (N01R) type. These instruments were Beckman Instru- 
ments Model 3IbB. The concentration of the oxides of nitrogen (N0 X ) was 
measured on a dry basis using a Thermo Electron Corporation Model 1QA 
Chemiluminescence Analyzer. This instrument includes a stainless steel 
thermal converter to reduce nitrogen dioxide (NO?) to nitric oxide (NO). 
Exhaust gas constituents which were measured on a‘ dry oasis (€0, CO?, and 
N0 X ) were corrected for inlet air humidity and water vapor from combus- 
tion, anu are reported herein on a wet basis. 

The exhaust emission data measured oy the analytical instruments were 
recordea and pc cessed by an on-line facility computer. This computer was 
also used to control the traverse of the gas sample probe and to determine 
the nozzle exit diameter. 

TEST CONDITIONS ANU PROCEDURES 

Exnaust emission surveys were conducted at simulated altitude condi- 
tions of 10.97 and 13.71 km (36 000 and 46 uOO ft) at Mach 0.8 for the Bill 
of Material and the partial swirl augmentor configurations. Surveys were 
also made at 13.71 km (46 000 ft) at Mach 1.2 for both configurations, 

Hiese test conditions were representative of typical subsonic and supersonic 
aircraft operating points. This choice of conditions gives a variation in 
altitude at a constant subsonic Mach number and a variation in simulated 
Mach number at a constant altitude for two augmentor configurations. The 
test points ana nominal inlet conditions are presented in table i. Condi- 
tioned air was supplied to the plenum at the desired pressure and tempera- 
ture. The test chamber was maintained at the pressure required for true 
simulation of the selected altitude condition. This pressure resulted in 
the nozzle being choked for all survey data presented. 

Emissions surveys were made at one, two or three power settings at eacn 
simulated flight condition. Power levels included intermediate (maximum 
power, nonafterburning), partial afterburning (afterburning zones 1, 2 and 
3) and maximum afterburning (all five zones of afterburning) ; see figure 
2(d). Uas sampling surveys were made slightly downstream of the nozzle exit 
plane. For the nominal maximum afterburning condition, the nozzle was near 
wide open and the axial distance from the nozzle lip downstream to the sur- 
vey plane was 5.o cm (2.2 in.). At the partial afterburning power level, 
the nozzle area decreased from maximum and the axial distance from ti.s noz- 
zle lip to the survey plane was b.4 cm (2.5 in.). At intermediate power the 
nozzle was near its minimum area and the distance from nozzle lip to survey 
plane was 8.8 cm (3.6 in. ) . 

The exhaust nozzle diameter was obtained using the survey rake in con- 
junction with two nozzle-mounted air jets. Aft-facing high pressure air 


jets were motnteu on two diametrically opposite divergent nozzle leaves 
coinciding witn tne horizontal survey diameter. Oust prior to a gas sample 
survey a continuous traverse was made and the position of the <ir jets mark- 
ing the nozzle exit diameter were noted as pressure spikes sensed by the 
total pressure probe of the survey rake. The nozzle exit radius (Kq) for 
each condition was obtained from these measurements except that at Mach 0.8 
and 13.71 km, bill of Material augmentor, the measured exhaust nozzle diame- 
ter was not correct, as the emission probe was not in the exhaust stream for 
part of the survey. For this case, ity was adjusted based on examination 
of the data (also see next section). 

Surveys were made across the horizontal diameter of the exhaust noz- 
zle. Twenty-one data points were recorded for afterburning to delineate the 
steep gradients in the emission profile. This resulted in a nominal spacing 
of 4.8 cm (1.9 in.) for maximum afterburning and 4.3 cm (1.7 in.) for par- 
tial afterburning. A twenty-one data point traverse required approximately 
30 min to complete. Eleven data points were recorded for nonafterburning as 
the gradients in the emission profiles were less steep. The nominal data 
point spacing at intermediate power was 8.6 cm (z.6 in.). 

RESULTS AND DISCUSSION 
Profile Data 

Exhaust profile data are shown in figures 5 to 11. A complete tabula- 
tion of the experimental data obtained in this investigation is included in 
appendix A. This appendix also contains the average data (mass weighted and 
area integrated). A list of symbols used in this report is presented in 
appendix B. CO, CO^, and N0 X concentrations are given as parts per 
million by volume (ppmv), and the HC concentrations are given as parts per 
million carbon by volume (ppmC). The horizontal axes in the figures are the 
radial distances from the centerline nondimensional ized by the measured 
nozzle exit radius (Rvj) for each test. This radius varies with flight 
condition and engine power level. Note that at Mach 0.8 and 13,71 km, for 
afterburning tests with the bill of Material augmentor, the measured Rg 
radii were incorrect ana have been adjusted. These data are plotted as 
dashed ( — ) lines in the figures. Data are tabulated in appendix A "as 
measured". 

Exhaust total temperature . - The total temperature distribution across 
the nozzle at each power level is shown in figure 8. At intermediate power, 
the temperature distribution is nearly uniform across the exhaust plane. 

For partial afterburning, the temperature profiles show twin regions of high 
temperature. The low temperature in the center region is only slightly 
greater than tne center value without afterburning, and indicates that there 
was very little combustion in the wake behind tne centerbody. For maximum 
afterburning, the temperature profile is nearly flat at high temperature 
levels, indicating radially uniform combustion. The temperature profiles 
were not affected significantly by Mach number, altitude, or augmentor 
configuration. 

Fu el-air ratio . - The local fuel-air ratio (FAREM1SS) calculated from 
the g*V sample measurements using the relationship in reference y are shown 
in figure o. The similarity of the fuel-air ratio and the temperature pro- 
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files and the increase in the average temperature with increasing power 
level was expected, since increasing the fuel-air ratio should increase the 
temperature for all fuel-air ratios less than stoichiometric* The local 
fuel-air ratio profiles were not affected significantly by Mach number, 
altitude, or augmentor configuration* , . 

Carbon monoxide . - The variations of carbcn monoxide (CO) emissions with 
flight "conditions for each power level are shown in figure 7. Except for 
two data points, CO emissions tor intermediate and partial afterburning 
power were less than 2000 ppmv for all simulated flight conditions. 

For maximum afterburning, CO emission profiles are highly nonuniform 
for all flight conditions as shown in figures 7 [ c) to (e). Except for the 
swirl augmentor at Mach 0.0 and 13,71 km, all maximum afterburning CO emis- 
sions exhibited twin peaks of approximately 12 000 ppmv iri the fan stream, 

A maximum CO concentration of 14 400 ppmv was measured in the fan stream of 
the partial swirl augmentor at Mach 0.0 and 13,71 km. It is apparent in 
figures 0(c) to (e) that there are significant differences between the core 
stream levels for the two augmentor types witn concentration tor the swirl 
augmentor consistently less than for the Bill of Material augmentor, but 
still substantially higher than at intermediate power or partial after- 
burning power. Note that the local fuel-air ratios were approaching 
stoichiometric in the high CO concentration regions, and the high CO 
levels may represent an approach to equilibrium CO, rather than combustion 
inefficiency. 

Although the data shown in figure 7 are typical, significant differ- 
ences in distribution do occur for different engines, flight speeds, alti- 
tuoes, etc., {e.g., the results reported in ref. 1 which also had a Bill of 
Material augmentor had very low CO emissions in the center of the exhaust 
nozzle). 

Hydrocarbon . - Measured hydrocarbon emissions were uea*' zero for all 
radi i for nonafterburn ing conditions {fig. 8(a)). For the partial swirl 
augmentor at partial afterburning, the hydrocarbon emissions were near rsro 
for all radii (R/%) greater than «0.o or less than 0,8, whereas for the 
Bill of Material augmentor, hydrocarbon concentrations up to 3000 ppmC were 
measureu in this region. As seen in figure 8(b), hydrocarbon emissions 
levels were typically higher at outboard radii than in the center for both 
augmentors. At maximum afterburning, the hydrocarbon emissions were less 
than 1000 ppm ar all simulated flight conditions for both augmentors (fig. 
8(c)). 

Oxides of nitrogen . - The variations of the oxides of nitrogen (N0 X ) 
emissions with flight condition at each power level are shown in figure 9. 

For intermediate power at Mach 0.8 and 13.71 km (fig. 9(a)), the peak oxides 
of nitrogen emissions were about the same for both augmentors. For the same 
power level and simulated flight speed, results from the engine with the 
Bill of Material Augmentor showed that as altitude decreased, NQ X emis- 
sions increased. 

At Mach 1.2 and 13,71* km and intermediate power (nonafterburning), the 
N0 X emissions were greater for the test with the Bill of Material aug- 
mentor than for the test with the partial swirl augmentor (fig. 9(b)). Note 
that this is in contrast to the near equality of NU X levels between the 
Bill of Material and swirl augmentor test at Mach 0.8 and 13.71 km (fig. 


9(a))* At intermediate power the NO x emissions increased with Mach number 
at 13.71 km for both eugmentors (figs. 9(a) and (b)). 

For partial afterburning power, the same trends are observed as at 
intermediate power N0 X emissions for Mach 0.8 at 13.71 km were approxi- 
mately the same for both augmentor configurations (fig. 9(c)), but for Mach 
1.2 at 33.71 km, the N0 X emissions were greater for the Bill of Material 
augmentor than for the partial swirl augmentor (fig. 9(d)). N0 X emissions 
increased with increased Mach number at 13.71 km at partial afterburning 
power for both augmentors. The measured oxides of nitrogen concentrations 
at maximum afterburning are shown in figures 9(e) to (g). At maximum after- 
burning, there are regions of N0 X deficiency in regions of very high CO. 

For example, at maximum afterburning, Mach 1.2 at 13.71 km, Bill of Material 
augmentor, the CO emissions have twin peaks of high CO concentrations, and 
high CO emissions at the center of the exhaust nozzle (fig. 7(e)). The 
N0 X emissions for this simulated flight condition are near zero for most 
radii (fig. 9(g)). The only maximum afterburning condition for which mea- 
sured N0 X was consistently high was with the partial swirl augmentor at 
Mach 0.8 and 13.73 km. Note in figure 7(d) that CO levels were less than 
3000 ppmv at all radii for this condition. The correlation between high CO 
and low measured N0 X is obvious at the other conditions also, and, in 
fact, can be seen in the results of previous investigations* for example, 
references 1 and 7. Although in the latter, simultaneous NO and N0 X mea- 
surements were made, and NO was used whenever measured N0 X was less than 
NO. 

These results suggest that the low NQ X levels observed in the tests 
reported here are a result of interaction with high CO in the thermal con- 
verter. Simultaneous NO measurements were not made in this study, thus pre- 
cluding any further examination or conclusions regarding the source of the 
N0 X deficiency using the present results. With the possible exception of 
the NQ X concentrations at Mach 0.8 and 13.71 km, we do not believe that 
the N0 X levels reported here for maximum afterburning are representative 
of actual concentrations in the exhaust. 

Carbon dioxide . - The variations of carbon dioxide with flight condi- 
t ions" at each power level are shown in figure 10. The CO 2 emission pro- 
files are similar, as expected, to the fuel-air ratio profiles (fig. 6) and 
showed little variations with Mach number, altitude, or augmentor configura- 
tion. The CO? emission profiles are racially uniform at intermediate 
power; however, at partial afterburning, the CO? profiles have twin 
regions of high emissions. The CO? emission profiles for maximum after- 
burning are also radially uniform. 

Exhaust total pressure . - The total exhaust pressure profiles are shown 
in figure IT. At" intermediate power, the measured exhaust total pressure, 
Ptg, was greater for the partial swirl augmentor; however, for partial and 
maximum afterburning power, the Bill of Material augmentor had a higher 
exhaust total pressure. 

Correlation with Local Fuel-Air Ratio 

As discussed previously, the measured values of CO, N0 X , HC, and 
CO?, at each radial location were used to calculate emission based fuel- 
air ratios (FAREMISS; see fig. 6). The mass and area weighted average 
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FAREM1SS values are consistently lower than the metered fuel-air ratios 
(FAAUT) as seen in figure 12. 

Figures 13 to 16 show the emissions data plotted against the local 
fuel-air ratio for all flight conditions and power levels tested. Carbon 
monoxide (fig. 13} was low for local fuel-air ratios ( F AKEM1SS ) less than 

0.0b , but increased sharply for most local fuel-air ratios greater than this 
value. 

Carbon dioxide emissions increased linearly with increased values of 
local fuel-air ratios (fig. 14) except for deviations at high overall after- 
burner fuel-air ratios { F / A ) in regions of high carbon monoxide. 

Hydrocarbons were essentially zero tor all intermediate power (non- 
afterburning) conditions and showed considerable scatter in afterburning 
(fig. lb). No correlation between the hydrocarbon emission and local fuel- 
air ratio (FAREMISS) is apparent. 

The oxides of nitrogen (N0 X ) emissions increased linearly with 
FAREMISS at intermediate power conditions (fig. 16). However, this increase 
in fuel-air ratio was not observed in afterburning, suggesting that very 
little, if any, additional N0 X is produced in the augmentor. The low 
N0 X concentrations at the higher fuel-air ratios are data for the N0 X 
deficient regions in the profiles at maximum afterburning. 

The combustion efficiencies calculated from gas sample data with and 
without afterburning are shown in table 11. The local concentration data 
(CO, CO^, HC, and N0 X ) were mass weighted and area integrated to obtain 
average concentrations. These average concentrations were used to calculate 
combustion efficiencies. For trie test conditions reported the efficiencies 
did not vary with changes in simulated flight conditions. 

CONCLUUlNb REMARKS 

Oaseous emissions were measured at simulated flight conditions for an 
F 100 ( z ) afterburning two-spool turbofan engine. For each flight condition, 
detailed concentration profile measurements were made for one, two or three 
engine power levels from intermediate (nonafterburning) through maximum 
.tfterburning. These measurements were made on the horizontal diameter at 
the engine exhaust nozzle exit using a single-point traversing sample 
prone. The data showed that emissions vary with flight speed, altitude, 
power level, and radial position across the nozzle. The principal results 
of this investigation are as follows; 

1, Total temperature, fuel-air ratio, and CO^ emissions snowed little 
variations with Mach number, altitudes, or augmentor configuration, 

2, The hydrocarbon emissions were near zero for most of the simulated 
flight conditions, 

3, Carbon monoxide emissions were low for intermediate and partial 
afterburning power but increased sharply at maximum afterburning. 

4, There were significant differences between the core stream CO emis- 
sion levels for tne two augmentors, with the core stream CO concentrations 
consistently higner for die Bill of Material augmentor 

5, At Macn 0.8 and 13.71 km, oxides of nitrogen emissions were nearly 
the same for both augmentors at both intermediate and partial afterburning 
power, out at Macn 1,2 and 13.71 Km, N0 X emissions were less with the 
partial swirl augmentor than tor the Bill of Material augmentor for both 
■intermediate and initial afterburning power. 
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6. The N0 X emissions increased with Mach number for both augmentors 
for intermediate and partial afterburning power at 13.71 km. 

7. At maximum afterburning, there were regions of NO* deficiency in 
regions of very high CO for both augmentor configurations. 

8. While there were differences between the Bill of Material (flame 
holder type) augmentor and the partial swirl augmentor with respect to emis- 
sions, these differences were not considered significant. 



APPENDIX A - COMPUTE TABULATION OF EXPERIMENTAL DATA 


Tne engine inlet conditions and the exhaust profile data for all flight 
conditions and power levels are given in tables A- I to A-VI in this appendix, 


* 
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TABLE A-t, - ENGINE INLET TEST CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION l 

[Mach 0.8 at 10,97 km (36 000 ft); maximum afterburning 
power; engine Inlet temperature Tg * 244 K; engine 
Inlet pressure Pty » 3.49 N/cms metered fuel-air 
ratio f AABT * 0.063; exhaust nozzle raa*us Rg ■ 4*. 11 cm; 
partial swirl augmentor,] 


«/« e 

COPPM 

co 2 ppm 

HCPPM 

N0 X PPM 

FAREMIS5 

"fl- 

ic 

E!M 

WBSm 

-1.00 

333 


4 

14 

0.0082 

561 

3.05 

.0.895 

1 004 

46 759 

72 

40 

.0238 

1401 

8.32 

-.794 

2 397 
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120 

.0548 

1940 

8.90 

.695 

11 864 

90 007 

257 

4 

.0528 

1932 

8.83 

-.598 

6 476 

101 450 

13 

1 

.0558 

1914 

8.53 

.501 

1 870 

106 200 

0 

1 

.0557 

1921 

8,24 

-.401 

1 542 

106 540 

0 

221 

.0557 

1943 

8.15 

.306 

2 379 

if' 6 880 

0 

231 

.0564 

1956 

8,03 

—.213 

3 036 

106 400 

0 

206 

.0565 

1961 

7.86 

tic 
• A AV 

1 626 

in* cca 
iwu ^ w 

C 

Qf\A 

fcV 7 ! 

ACC? 

IVrf^f 

i 

* ?vv 

<7 CO 
nu w 

0.0 

582 

96 016 

0 

202 

.0495 

1928 

7.12 

.106 

697 

102 630 

0 

209 

.0531 

1968 

7.98 

.201 

2 124 

106 760 

0 

224 

,0562 

1972 

8.07 

.302 

1 625 

107 020 

0 

228 

,0560 

1959 

8.05 

.398 

1 554 

106 860 

0 

229 

.0559 

1953 

8.21 

.496 

3 438 

105 790 

0 

221 

.0564 

1947 

8.53 

.590 

8 607 

97 896 

11 

26 

.0551 

1936 

8.82 

.68? 

12 107 

89 105 

148 

1 

.0524 

1927 

8.92 

.785 

12 532 

87 629 

199 

1 

.0510 

1948 

8.83 

.907 

650 

87 351 

0 

78 

.0449 

1742 

8.21 

1.00 

785 

38 378 

3 

33 

.0194 

845 

6.53 

Average 

4 560 

86 198 

68 

80 

0.0396 
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T Ifott A- II, - ENGINE INLET CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION 2 
[Mach 0,8 at 10.97 km (36 000 ft).] 

(a) Intermediate (nonafterburning) power; engine Inlet 
temperature Tg « 245 K; engine Inlet pressure 
Pt? ■ 3,3? * N/cm 2 ; metered fuel-air ratio FAABT * 0,012; 
exhaust nozzle radius % » 28,89 cm; Bill of Material 
augmentor, 


K/R e 

COPPM 

co 2 ppm 

HCPPM 

N0 x PPM 

FAREMISS 

tt 8 , 

K 

til cm* 

-1,00 

51 

9 934 

3 

40 

0,0048 

BHB 


0.801 

327 

17 991 

3 

67 

.0090 

HuiCl 


-.603 

824 

33 223 

2 

140 

,0168 

Br/iui 

10,43 

.400 

923 

38 127 

2 

165 

.0194 

847 

10.60 

-.195 

21 

37 283 

2 

165 

,0185 

849 

10.57 

.005 

14 

37 152 

2 

165 

.0184 

844 

8.43 

.201 

15 

37 861 

2 

165 

.0188 


10.55 

^oq 

in 

.*1? 394 

? 

167 

.filftfl 

flan 

10.6? 

.599 

21 

33 480 

2 

152 

.0166 

789 

10.44 

,810 

5 

27 537 

2 

128 

.0136 

669 

9.97 

1.00 

9 

17 220 

3 

74 

.0084 

553 

18.16 

Average 

244 

26 480 

2 

115 

0.0120 

BB 
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TABLE A-1I. - Concluded 


(b) Maximum afterburning power; engine inlet temperature 
Tg * 245; engine inlet pressure Pt£ * 3.43 N/cms metered 
fuel-air ratio FAABT * 0.061; exhaust nozzle radius 
% « 44.25 cm; Bill of Material augmentor. 


m B 

COPPM 

COgPPM 

HCPPM 

N0 x PPM 

FAREMISS 

TT e> 

K 

pt 8 , 

N/cm ? 

-1.038 

999 

35 183 


32 

0.0182 

539 

6.27 

>0.928 

347 

83 526 


81 

.0427 

965 

8.70 

-.838 

8 886 

95 492 

41 

53 

.0538 

1053 

9.27 

.738 

11 407 

89 441 

124 

12 

.0521 

1038 

9.42 

-.632 

9 677 

93 950 

37 

12 

.0536 

1034 

9.29 

-.537 

5 432 

101 590 

11 

12 

.0553 

1025 

9.04 

-.424 

1 452 

104 600 

9 

12 

.0546 

1025 

8.89 

-.332 

4 944 

102 390 

9 

34 

.0554 

1030 

8,79 

-.223 

8 962 

95 143 

11 

12 

.0538 

1034 

8.80 

'.129 

6 984 

99 201 

9 

12 

.0549 

1048 

9.42 

-.035 

4 950 

102 320 

8 

11 

.0554 

1058 

8.95 

.062 

6 395 

100 220 

9 

11 

,0551 

1048 

9.41 

.175 

Rff I 

98 186 

10 

11 

.0546 

1037 

8.83 

.265 

H4 <9 

103 650 

u 

11 

,0550 

-» A. A JW 

8,85 

,368 

Hi 

97 493 

8 

200 

,0503 

1000 

8.96 

*4 72 

670 

98 311 

8 

212 

,0508 

995 

9.03 

.569 

2 366 

103 460 

9 

224 

.0545 

1021 

9.14 

.671 

7 772 

97 687 

11 

35 

.0545 

1041 

6.84 

.771 

8 466 

9G 321 

12 

12 

.0541 

1043 

7.59 

.867 

889 

88 670 

8 

no 

.0457 

947 

7.37 

1.038 

423 

22 764 

12 

31 

.0114 

369 

1,91 

Average 

4 551 

89 700 

31 

64 

,0411 




12 




















TABLE A-11I. - ENGINE INLET CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION 3 
[Mach 0.8 at 13.71 km (45 000 ft).] 

(a) Intermediate (nonafterburning) power; engine inlet 
temperature 1 % « 242 K; engine inlet pressure 
Ptfc * 2.22 N/cm 2 ; metered fuel-air ratio FAABT » 0.013; 
exhaust nozzle radius Rjj * 30.65 cm; partial swirl 
augmentor. 


"«8 

COPPM 

co 2 ppf 

HCPPM 

NO PPM 

A 

FAREMISS 

TV 

K 

Ptg, 

N/cn/’ 

-0.998 

118 

21 728 

23 

73 

0.0107 

648 

12.01 

-.816 

111 

27 616 

16 

85 


742 

13.08 

-.622 


31 968 

13 

108 

.0158 

804 


-.413 

115 

34 973 

12 

131 

.0174 

833 

16.96 

-.206 

118 

36 947 

13 

144 

.0184 

851 

13.04 

0.0 

118 

37 148 

10 

145 

.0185 

855 

13.53 


13 
















TABU; A-U 1, - Continue, 


t/^o' K? f mSS n J!II , -P ower * * ,19lne inlet te»P8»*ature 

fuel -air ratio 3 FAABT C n P fm? ure t Pk i * i? ’ 19 N / c ^» metered 
r>„ <>« Vr 10 ^asi * 0 , 033 ; exhaust nozzle e.viinc 

^ * 38.3a cm; partial swirl augmentor, 



COPPM 

CO, PPM 

HGPPM 

NQ X PPM 

FAREMISS 

T V 

Ptg, 







mm 

N/cm* 

-0 * 99 7 
.907 
“ • 805 
.711 
“.59*1 
.506 
-,406 
.294 
-.199 
.101 
-.008 
.105 
• ^Qa 

7di? 

.<108 

.509 

.m? 

.o98 

.8ia 

.880 

,997 

m 

1 316 
1 540 
1 169 
748 
608 
490 
401 
304 
178 
140 
139 

J i) 
Lt M 

339 
437 
487 
56? 
60? 
774 
1 559 
1 041 

30 314 
30 39? 
51 818 
63 714 

66 173 
63 15? 

67 353 
53 113 
4? 574 
40 301 
3? 905 
38 304 

.1 i t a cy 

’td 5MJ 

49 051 
55 815 
59 97? 
6? 010 
74 384 
70 906 
47 939 
34 065 

84 

3113 

mo 

344 

66 

35 
33 

36 

37 
36 

38 

30 
<?8 

31 

39 
35 
14 

9 

1? 

1090 

1996 

18 

■a 

59 

75 

11? 

166 

164 

164 
159 
146 

143 
139 

144 
153 
163 

165 
169 
165 

94 

40 

30 

0.0104 

.0173 

.0373 

.0333 

.0388 

.0316 

,0390 

.0268 

.0239 

.0201 

.0189 

.0191 

.0218 

.0246 

,0282 

.0304 

.0341 

.0380 

.0362 

.0253 

.0138 

659 

1069 

1348 

1490 

1474 

1371 

1287 

1178 

1083 

999 

943 

97? 

1081 

1167 

1273 

1373 

1487 

1582 

1492 

1199 

721 

14.59 

8.69 

7.93 

7.46 

7,79 

6.90 

7.06 

6.54 
5,86 
5.88 
5,10 
5.04 
6.41 
5.36 
5,01 
4.95 
4,38 

6.55 
7.31 
5.74 
8,30 

Average J 

863 

53 4 74 

646 

103 



— - 













TABLE A— 1 LI. - Concluded. 


(c) Maximum afterburning power; engine inlet temperature 

- 245 K; engine inlet pressure Pt? * 2.20 N/cn£; metered 
fuel-air FAABT * 0.058; exhaust nozzle radius 
Rq * 39.15 cm; partial swirl augmentor. 



COPPM 

CO.) PPM 

HCPPM 

N0 X PPM 

FAREM1SS 

tt 8 . 

K 

pt 0 , ' 
N/cm 2 

-1.0 

5)7 

28 831 

390 

21 

0.0147 

961 

3.06 

■0.909 

779 

62 550 

24 

56 

.0319 

1543 

3.86 

-.799 

1 041 

96 795 

9 

113 

.0502 

1847 

1,39 

.702 

2 139 

103 730 

4 

165 

.0546 

1895 

3.45 

-.615 

1 503 

102 660 

3 

195 

.0536 

1857 

3,82 

.500 

1 197 

100 900 

3 

200 

.0525 

1846 

4.91 

-.399 

1 335 

102 840 

3 

208 

.0536 

1865 

5.85 

.313 

1 884 

104 660 

2 

207 

.0549 

1888 

5.91 

-.215 

2 739 

104 600 

4 

202 

.0554 

1904 

8.23 

-.111 

3 166 

104 600 

3 

196 

.0556 

1920 

7.63 

-.013 

1 952 

104 520 

0 

192 

.0549 

1932 

6.60 

.073 

1 485 

95 982 

0 

190 

.0500 

1881 

5.93 

.197 

1 411 

100 550 

0 

187 

.0524 

1929 

8.17 


3 464 

104 330 

0 

193 

. 0556 

192$ 

7.46 

.400 

1 997 

104 340 

0 

195 

.0548 

1895 

9.01 

.496 

1 623 

103 470 

1 

197 

.0541 

1879 

8.85 

.584 

1 652 

103 770 

0 

199 

.0543 

1876 

8.67 

.699 

2 237 

104 820 

0 

200 

.0552 

1884 

8.94 

.793 

4 013 

103 810 

0 

198 

.0557 

1904 

8.80 

.885 

4 677 

102 850 

0 

170 

.0555 

1927 

8.05 

1.0 

1 836 

102 970 

0 

138 

.0540 

1928 

8.86 

Average 

2 113 

93 650 

11 

161 

0.0416 

— 

mm 

M «■»***■>*■« 
















TABLE A- IV. - ENGINE INLET CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION 4 

(a) Intermediate (nonafterburning) power; engine inlet 
temperature T 2 * 243 K; engine inlet pressure 
Ptg « 2.32 N/cm 2 ; metered fuel-air ratio FAABT « 0.013; 
exhaust nozzle radius Rg * 29.06 cm; Bill of Material 
augmentor. 


r/r 8 

COPPM 

co 2 ppm 

HCPPM 

NO x PPM 

FAREMISS 

I 

1 

1 

TT 8 , 

K 

Pt 8» 

N/cni^ 

-1.002 

155 

10 617 

14 

37 


494 

6.62 

•0.794 

2 255 

20 246 

13 

67 

.0111 

629 

7.07 

-.600 

4 321 

34 876 

11 

129 

.0195 

783 

7.30 

-.403 

186 

38 001 

11 

144 

.0189 

826 

7.32 

-.186 

187 

36 924 

10 

138 

.0184 

824 

7.13 

0.0 

186 

36 649 

10 

138 

.0182 

817 

5.87 

J 99 

187 

37 561 

5 

140 

.0187 

826 

7.18 

.398 

187 

36 731 

9 

138 

.0183 

812 

7.15 

.608 

| 189 

31 529 1 

9 

132 

.0157 

744 

7.10 

.811 

190 

24 899 

9 

96 

.0123 

620 

6.83 

1.002 | 

193 

13 821 

11 

51 

.0u6a 

502 

10.44 

Average 

954 

26 179 

10 

97 

0.0122 

I 

| •; 


L6 




















TABLE A-IV. Continued. 


(b) Partial afterburning power; engine inlet temperature * 244 K; 
engine inlet pressure Ptg <* 2.22 N/cm z ; metered fuel-air ratio 
fAABT * 0.033; exhaust nozzle radius Rg * 45.48 cm; calculated 
(adjusted) exhaust nozzle radius R§ « 38.77 cm; Bill of 
Material augmentor. 


*«8 

ml 

C0PPM 

C0 ? PPM 

HCPPM 

NO PPM 

A 

PAREMISS 

T V 

K 

pt Q , 

N/cni^ 

-0.999 

*» • >MI*WM 

201 

889 

8 

10 

0.0005 

301 

5.96 

•.908 

MMMMWP 

202 

948 

8 

10 

.0005 

302 

6.15 

-.804 

MMMWW M 

199 

864 

9 

10 

,0005 

302 

6.79 

.706 

-1.000 

244 

12 032 

16 

16 

.0060 

550 

16.58 

-.606 

-.883 

796 

23 612 

4331 

23 

,0142 

995 

10,2? 

.508 

-.768 

1647 

50 808 

167? 

49 

.0271 

1339 

12.19 

-.404 

-.646 

771 

74 410 

8 

133 

.0381 

1523 

11,67 

.296 

-.520 

284 

60 972 

40 

160 

.0308 

1287 

11.10 

-.195 

-.402 

107 

51 522 

67 

157 

.0258 

1083 

10,58 

.102 

-.292 

48 

43 912 

288 

145 

.0220 

949 

10.75 

.002 

-.171 

20 

39 171 

1520 

139 

.0202 

876 

10.27 

.103 

-.052 

11 

38 267 

2294 

136 

.0202 

859 

9.46 

.194 

.055 

186 

37 938 

1303 

136 

.0196 

856 

8,69 

,300 

.181 

34 

40 078 

1089 

138 

.0205 

806 

8.72 

.402 

.299 

371 

47 618 

1351 

144 

.0246 

985 

0.58 

.495 

.408 

676 

58 703 

535 

155 

,0301 

1130 

8,02 

.594 

,524 

709 

69 259 

65 

171 

.0353 

1314 

7.75 

,702 

.651 

598 

79 304 

20 

172 

.0406 

1485 

7,24 

.796 

.762 

774 

79 440 

2? 

139 

,040? 

1460 

6.94 

.901 

.884 

953 

59 667 

269 

77 

.0306 

1199 

6,68 

.999 

1.06 

450 

29 476 

467 

36 

.0150 

766 

9.19 

Average 

BBS 

544 

41 311 

506 

86 

0.0189 

ms 



^Calculated (adjusted) data. 
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TABLE A-IV. Concluded. 


(c) Maximum afterburning power; engine inlet temperature * 245 K; 
engine inlet pressure Pt? « 2.16 N/cm 2 ; metered fuel-air "ratio 
FAABT * 0.059; exhaust nozzle radius Rn * 48.76 cm; calculated 
(adjusted) exhaust nozzle radius R§ * 43,22 cm; Bill of 
Material augment. or, 


R/R a 

r/r 8 * 

COPPM 



N0 x PPM 

FAREM1SS 

tt b , 

K 

« 8> 

N/cm 2 

-1.007 

•*'*<*****■■•««► 

195 


93 

11 

0.0005 

297 

1 

0.902 


194 


62 

11 

.0013 

349 

kj£9 

-.807 

- 1.000 

1 478 

KITMI 

939 

26 

.0186 

1002 

IriI 

,707 

-0,890 

1 441 

80 827 

36 

66 

.0418 

1672 

9.86 

-.606 

-.779 

4 904 

100 710 

13 

131 

.0545 

1827 

10.35 

,506 

-.668 

7 191 

97 650 

15 

132 

.0541 

1796 

10.42 

-.403 

-.555 

3 883 

101 220 

8 

187 

.0542 

1751 

10.33 

.306 

-.447 

4 560 

101 040 

8 

181 

. 054', 

1758 

9,99 

—.207 

-.339 

9 806 

92 066 

104 

72 

.0526 

1753 

9.61 

•,105 

-.226 

12 881 

03 374 

369 

12 

.0498 

1739 

10,53 

0.00 

-.116 

10 180 

91 206 

46 

11 

,0524 

1774 

10.40 

.093 

,008 

7 781 

96 604 

7 

10 

.0539 

1004 

10.52 

.197 

.107 

9 685 

92 629 

8 

10 

.0528 

1774 

10.92 

.297 

.217 

9 141 

93 564 

15 

10 

.0530 

1764 

10.70 

.400 

.330 

l 914 

99 147 

5 

157 

.0519 

1745 

11.40 

,501 

.442 

1 087 

92 838 

5 

182 

.0480 

1702 

10.99 

.594 

.544 

1 315 

95 901 

4 

194 

.0498 

1737 

10.84 

.697 

.653 

2 768 

102 400 

4 

196 

.0542 

1796 

10.29 

.806 

.777 

l 870 

99 896 

4 

164 

,0523 

1788 

30.38 

.895 

.877 

1 030 

72 963 

6 

87 

.0374 

1492 

8.66 

1.007 

1.000 

284 

16 922 

13 

24 

.0084 

649 

10.79 

Average 

gg 

2 780 

72 450 

74 

99 

0.0331 

n 

B 


♦Calculated (adjusted) data. 






















TABLE A-V. - ENGINE INLET CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION S 
[Mach 1.2 at 13,71 km (45 000 ft).] 

(a) Intermediate {nonafterburning) power* engine inlet 
temperature Ty » 270 K; engine inlet pressure 
1 H 2 * 3.51 N/ciR; metered fuel-air ratio FAABT » 0.013; 
exhaust nozzle radius % » 30,75 cm; partial swirl 
augmentor. 


m 6 

COPPM 

00^ PPM 

HCPPM 

NQ X PPM 

FAREM1SS 

u 

Ptg, 

N/cm f 

-1.013 

262 

19 481 

6 

90 

0.0097 

572 

7.34 

•0.799 

241 

28 102 

5 

140 

,0140 

730 

0.36 

-.593 

306 

34 731 

5 

177 

.0173 

002 

8,77 

.391 

282 

37 641 

4 

191 

,0188 

845 

9.27 

220 

262 

38 807 

1 

192 

.0194 

867 

8.86 

.0196 

314 

30 431 

2 

106 

,0192 

864 

5.85 

.1956 

268 

39 005 

1 

189 

.0195 

066 

9.10 

.3972 

326 

37 626 

1 

181 

.0188 

837 

9.36 

.596 

348 

33 377 

1 

157 

,0167 

781 

8,74 

,802 

307 

24 391 

0 

43 

.0121 

666 

8,26 

1.0137 

356 

12 568 

1 

48 

,0063 

439 

7,33 

Average 

273 

20 302 

2 

122 

0.0128 
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TABLE A-V. Continued 


(b) Partial afterburning power; engine inlet temperature 
Tg * 278 K; engine inlet pressure Pt 2 » 3.47 N/ctir ; 
metered fuel-air ratio FAABT * 0.036; exhaust nozzle radius 
Rg * 40.29 cm; partial swirl augmentor. 


«,r 8 

COPPM 

COgPPM 

HCPPM 

NQ y PPM 

A 

FAREMiSS 

TT 8 , 

K 

p y 

N/cm^ 

-1.00 


27 003 

279 

17 

0.0135 

833 

10.69 

..889 

IIK : :■ 

51 259 

168 

35 

.0260 

1299 

7.50 

-.785 

§f|Bc i V 

72 769 

12 

107 

.0370 

1557 

8.06 

.69 

382 

74 099 

5 

168 

.0377 

1573 

8.23 

-.598 

277 

66 565 

5 

192 

.0337 

1447 

8.17 

-.487 

140 

60 395 

6 

194 

.0304 

1332 

8.18 

— . 398 

90 

57 238 

7 

192 

.0287 

1265 

8.03 

.287 

18 

52 686 

8 

191 

.0263 

1173 

7.85 

-.198 

184 

46 760 

8 

184 

.0234 

1090 

7.48 

.087 

195 

39 435 

2 

172 

.0197 

981 

5.96 

.0 

202 

38 295 

3 

168 

.0191 

931 

2.57 

.119 

195 

39 778 

2 

171 

.0198 

1001 

6.62 

.204 

186 

45 141 

7 

181 

.0226 

1082 

7.18 

.291 

11 

52 035 

8 

188 

.0260 

1190 

7.28 

.410 

70 

57 274 

7 

192 

.0287 

1275 

7.46 

.513 

128 

61 802 

6 

193 

.0311 

1367 

7.65 

,609 

230 

• 69 718 

2 

191 

.0353 

1499 

7.7/ 

.692 

302 

80 607 

1 

176 

.0411 

1642 

7.86 

.810 

236 

83 628 

1 

108 

.0426 

1599 

7.78 

.895 

581 

57 210 

115 

34 

.0290 

1274 

7.16 

1.00 

366 

28 396 

689 

11 

.0145 

697 

5.48 

Av erage 

301 

60 002 

53 

129 


E9 

m 
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TABLE A-V. Concluded, 


(c) Maximum afterburning power; engine inlet temperature 
T-< * 278 K; engine inlet pressure Ptg * 3.55 N/cm 2 ; 
metered fuel-air .ratio FAABT * 0.066; exhaust nozzle radius 
% ■ 46,99 cm; partial swirl augmentor, 



COPPM 

COg PPM 

HOP PM 

N0 x PPM 

FAREMISS 

TT 8> 

K 

> 
HI a? 

-1.00 

814 

37 907 

156 

18 

0.0193 

1176 

5.88 

0.920 

750 

89 799 

15 

68 

.0462 

1826 

7,26 

-.801 

14 402 

79 679 

1465 

3 

,0493 

1882 

7.32 

.705 

13 085 


964 

1 

,0512 

1845 

7.19 

-.610 

6 579 


25 

1 

.0557 

1871 

7.38 

.520 

4 073 

104 510 

6 

1 

.0561 

1898 

7.30 

-.421 

6 145 

101 690 

5 

1 

.0557 

1980 

7.28 

.300 

7 338 

99 415 

4 

1 

.0552 

1867 

7.03 

-.205 

6 442 

101 110 

4 

1 

.0556 

1868 

6.31 

.110 

1 732 

103 320 

4 

1 

.0541 

1844 

5.42 

.0192 

838 

92 974 

4 

184 

,0480 

1801 

4,94 

.101 

2 137 

104 260 

3 

200 

.0548 

1872 

5.56 

,195 

6 539 

100 940 

3 

181 

.0556 

1878 

6.60 

OOll 
♦ CO? 

5 551 

.102 64Q 

3 

1 

.0559 

1875 

7.02 

.389 

4 814 

103 540 

3 

1 

.0560 

1881 

7,23 

.477 

7 029 

100 000 

10 

1 

.0553 

1870 

7.57 

.597 

11 501 

9Q 377 

119 

1 

.0527 

1852 

7.79 

.693 

13 624 

82 045 

401 

1 

.0500 

1854 

7.93 

.788 

13 377 

83 993 

334 

1 

.0504 

1889 

7,81 

.887 

912 

95 4 76 

3 

76 

.0494 

1818 

7.34 

.983 

984 

46 164 

47 

30 

,0235 

1018 

7.52 

Average 

6 716 

88 602 

237 

MM 

0,0417 

ESS 

a 
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TABLE A-VL - ENGINE INLET CONDITIONS AND EXHAUST 
PROFILE DATA FOR CONDITION 6 
[Mach 1.2 at 13.71 km (45 OOO ft).] 

(a) Intermediate (nonafterburning) power* engine inlet 
temperature T^ * 278 K* engine inlet pressure 
Pt? * 3.55 N/cm 2 ; metered fuel-air ratio FAABT * 0.013* 
exhaust nozzle radius Rq r 31.93 cm; Bill of Material 
augmentor. 


r/r 8 

COPPM 

co 2 ppm 

HCPPM 

NG X PPM 

FAREM1SS 

tt 8 . 

K 

y 

N/Cflf' 

-1.00 

219 


2 

33 

0.0024 

479 

8.2b 

•0.811 

222 

12 949 

1 

76 

.0064 

570 

7.92 

-.607 

200 

ElAMa 

1 

108 

.0154 

766 

8.47 

.403 

211 

39 677 

0 

260 

.0190 

849 

9.62 

-.205 

223 


0 

248 

.0192 

849 

9.69 

0.0 

210 

38 267 

3 

244 

.0191 

848 

6.35 

.195 

211 

39 285 

3 

245 

.0196 

861 

9.60 

.390 



3 

246 

.0197 

852 

9.58 

.595 

240 

35 779 

3 

234 

.0178 

794 

8.59 

,798 

226 

28 425 

3 

181 

.0141 

677 

8.30 

.995 

247 

15 109 

3 

87 

,0075 

536 

12,26 

Average 

200 

25 835 

2 

m 

0,0117 

B 
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TABLE A-Vl. Continued 


(b) Partial afterburning power; engine Inlet temperature 
Ty • 278 K; engine Inlet pressure Ptg » 3,48 N/cms 
metered fuel-air ratio FAABT * 0.033; exhaust nozzle radius 
Rq ■ 39.2 cm; Bill of Material augmentor, 


k,R a 

CQPPM 

co 2 ppm 

HCPPM 

NQ X PPM 

FAREM1SS 

TV 

K 

rt 8 . 

11/ cm' 

-1.021 

526 

20 069 

2997 

21 

0.0116 

912 

6.54 

0.934 

993 

34 928 

2992 

33 

.0193 

1226 

7.07 

-.832 

873 

63 818 

125 

91 

.0326 

1382 

7.77 

-.732 

415 

78 657 

21 

205 

.0401 

1617 

7.95 

-.631 

259 

65 678 

13 

252 

,0332 

1394 

8.11 

.618 

107 

53 644 

20 

260 

.0269 

1164 

8.16 

-.429 

67 

48 120 

32 

254 

,0240 

1051 

8,19 

.328 

60 

44 016 

108 

240 

.0220 

971 

8.15 

-.229 

129 

42 467 

323 

230 

.0213 

941 

8.29 

-.130 

166 

42 355 

580 

226 

.0214 

941 

8.44 

-.031 

118 

41 241 

497 

225 

.0218 

908 

5.79 

.072 

96 

41 996 

393 

230 

.0211 

927 

8.39 

.171 

126 

46 197 

183 

239 

.0232 

976 

8.23 

.270 

155 

53 799 

48 

254 

.0270 

1068 

8.23 

.370 

165 

61 478 

10 

269 

,0310 

1194 

8.23 

.478 

213 

68 089 

5 

277 

.0344 

1332 

8.21 

.675 

252 

75 665 

10 

280 

.0384 

1474 

8.10 

.673 

313 

86 568 

10 

276 

,0443 

1620 

8.09 

.774 

395 

83 758 

16 

202 

.0428 

1541 

7.72 

.871 

615 

62 426 

102 

113 

,0317 

1259 

7.92 

1.020 

282 

r 522 

347 

42 

.0129 

621 

2.41 

Average 

406 

58 804 

467 

182 

0.0264 

gg 
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TABU A-Vl, Concluded 


(c) Maximum afterburning power; engine Inlet temperature 
T^j * 277 K; engine Inlet pressure Ptg • 3,50 N/cms 
metered fuel-air rzMo FAABT * 0,064; exhaust nozzle radius 
R$ » 46,4 cm; Bill of Materia! aupentor. 


m e 


C0 2 PPM 

HCPPM 


FAREMISS 

TT 0 , 

K 

Pt 8 , 

N/cm* 

-1,044 

1 052 

36 671 

205 

29 

0,0188 

900 

mm 

»o.yo7 

1 208 

99 624 

11 

106 

.0518 

1831 

KOI 

-.836 

12 595 

86 846 

470 

10 

,0516 

1862 

my 

-.634 

13 535 

83 033 

811 

1 

, 0503 

1814 

8.13 

-.423 

6 372 

101 140 

15 

8 

.0556 

1837 

7,75 

=-,347 

10 406 

92 794 

109 

8 

,0534 

1836 

7,64 

-.135 

10 879 

91 045 

31 

8 

.0527 

1836 

Tl5 

i 

i 

- i 

o « 

O 1 
o 1 

10 180 

92 847 

37 

~8 

.0532 

1805 

6,11 

,269 

9 076 

96 422 

_ 35 

8 

.0546 

1787 

7.63 

.506 

3 309 

105 170 

12 

8 

.0560 

1817 

7,95 

.608 

10 381 

92 924 

79 

9 

,0534 

1833 

8.07 

.766 

12 768 

85 583 

147 

9 

.0508 

1853 

7.89 

.904 

705 

77 577 

12 

106 

.0397 

1595 

7,31 

1.044 

1 093 

34 978 

335 

44 

,0180 

718 

2.48 


2*1 
















APPENDIX li 
SYMBOLS 


IUPPM 
CO > PPM 

p/a 

faabt 

FAREM1SS 

HCPPM 


NO x PPM 

Ptji 

Pty 

li 


•Ja 

h 

t '8 


Carbon monoxide concentration, ppmv 
Carbon dioxide concentration, ppmv 
Overall afterburner fuel air-ratio 
Metered fuel-air ratio 
Fuel-air ratio calculated from gas sampl 
Hydrocarbon concentration, npmC 
Oxides of nitrogen concentration, ppmv 
Engine inlet pressure, N/ci.1% 

Exhaust total pressure, N/cm* 

Radius, cm 

Exhaust nozzle radius, cm 
Engine inlet temperature, K 
Exhaust total temperature, K 


references 


1. Moss, John £,, 0r.{ Cul lorn* Richard R,: Exhaust Emission Survey of an 
FIDO Afterburning Turbofan Engine at Simulated Flight Altitude Condi- 
tions. NASA TM-81656, 1981. 

Zr Diehl, Larry A,{ Preliminary Investigation of Gaseous Emissions from 
Jet Engine Afterburners. NASA TM X-2323, 1971. 

3. Palcza, J. Lawrence} Study of Altitude and Mach Number Effects on 
Exnaust Gas Emissions of an Afterburning Turbofan Engine. 

NAPTC-ATD-ns, Naval Air Propulsion Test Center, 1971. (AD-74 1 24 9} 
FAA-RD-72-31) 

4. Dienl, Larry A.; Measurement of Gaseous Emissions from an Afterburning 
Turbojet Engine at Simulated Altitude Conditions. NASA TM X-2726, 1973, 

b. German, R.C.; High, M.D, } and Robinson, C.E.t Measurement of Exhaust 
Emissions from a J8b-bE-b8 Engine at Simulated High-Altitude Supersonic 
Pree-Stream f‘i ignt Conditions. ARO-PWT-TR-73-49, ARO, Inc., 1973. 
(AO-/64-717} Ak‘DC-TR-73-103; FAA RD-73-92) 

o. Davidson, D.L.; and Domal, A.F.: Emission Measurements of a J93 Turbo- 
jet Engine. ARO-ETF-TR-73-46, ARC, Inc,, 1973, (AD-766648} 

AEDC-TR-73-132) 

7. Holdeman, James D. j Exhaust Emission Calibration of Two J-58 After- 
burning Turbojet Engines at Simulated High Altitude, Supersonic Flight 
Conditions. NASA TN D-8173, 1976. 

8. Taylor, J. W. R», ed.i Jane's All the World's Aircraft, 1979-8U. Pratt 
and Whitruy JTF32 (F10U). Jane's Publishing, Inc., New York, 1979, 

pp. 7b7-71>8. 

9. Procedure for the Continuous Sampling and Measurement of Gaseous Emis- 
sions from Aircraft Turoine Engines. Aerospace Recommended Practice 
1266, Society of Automotive Engineers, Uct. 1971. 


26 


SfJOIiilWOa IS. 


^ ^ 
V V (U 

H 4^ -M 


Hi rtJ 

fern -r» »#» 

fc* V* 

SU ^ iU 


+J l» 

fcl 

» »r* 
Ul 1 *- 

(ti 

u 

*r» 

A 

Bin cf 1 
Bill cf 1 

p— r- 

w* v* w* 

*r* i**» *r» 

$ t^5 $ 

H« U« 
O M U 

m »** r* 
Jhw* r» 
»p-» »r» p* 
o to CO 

V V U 

»r» 

H- U* 

w u w 

»»• rs pm 

yzm |*» pwt 

•r »r* ip 

00 to 03 

W U> 

VU tu w 

ji.fr a 
L G 
S4 »r* 10 

4«l U 

CX 

• 

!" 

a* 

iM 

fM 

1 1* vp 

PS 

IV CV 

pi rn 

ass 

cv cv oi 

<GNU 

NNO 

cm cv r* 

1*4 

ir. cv u-i 

•** JM fl 

t*H PH 

fe ^3 & 

-M K & 

•a, k 

& 

CV 

iV 

rs 

gg 

rs rs 

ty if= o, 
OQ N 
rv N rv 

in O *. 
O r-i IV 
is rs f s 

v pr> O 
uo rs» rs 
rs p s ps 

l/< W5K 
c^, Cv fv 

u 

tt, ^ 

H JJ 


IM 

Ot 

CO 

Cu co 
u> cu 

*«* VI *4 
wnp! 

f»i «* ro 
•or CV O 

r*i ur- ph 
ny W 

asss 

k » 

UJ 


\n 

a 

u* 

rS 

dd 

m rH 

odd 

Hrin 

d do 

ririrl 

cr/ u> u> 

»•! r-l r»i 

U l LC i ui 
HPf.n 


ORIGINAL PAGE IS 
OF POOR QUALITY 


O' N ft, 

• i • 

o o a 


o o o 

I * • 

rv 0-. i ' 


t\l »*■'• u , 

I • > 

rs rs vu 


IV tt, 0. 
•w r*v u: 
• • « 
ou a 

i—« rs n* 


rv oo tv, 
r>> o. vi 

o*od 

nHw 


u. o cv 

m co c *i 

t—i *i r»i 


CQKOJ 
CO CL. CO 


O. N t£, 

CO CO cu 


010,0, 
(V tV Cv 


(VrtH 

CO cv cv 

r*l I— I rv 


oo © 

CL iv, u. 


1-OCC 
u. u- u, 


Cfc* *U CO U. Oi (v, 

S a, c5 co oo co 


- u 
<L Jr I- 
u 4, 


a. w a. 

t. Q. 

»r W> 

u a. 


1 

CG 

t 

A 

•a 

CV m 
«a 

V V 

Ui <v O 
f. f >l V 

v v v 

Oi 0- 1-1 
Oi Oi «j 
L <1 <9 

w (S, w 

oCo 

U*. U-. U*| 

£Sg- 

IC WlL 

v: 

V 

Cv 

in ir 

•M V 

cv cv 

cv c. ui 
Kl V V 
cv sv CV 

o» «y i/. 

V v U3 

(V cv IV 

co «, oo 

rv. h, r* 

cv cv cv 

03 CCfv 
h» cv r>. 

CV Cv (V 

IV) 

•r 

& 

O 00 

co ci t 

c* > Cu o 

CV r*> CV 

fs f»p 

r»i CV rs 

O V Ui 
ri w r> 


G 

Uc 

V V 

r»< ot O t 

ci <v# r. 

in if’ u’ 

* u* u! ut 

Su 

o. 

V 

Of 

rs rt* 
Ot <4 

• » 
Ot 

cv tj. co 
Cl. i->> CS 

<v cv Cv 

cv cv u* 

Ot CV rs 
* • • 
cv tv cv. 

n fS If 

u . v ur. 

• i i 

Oi O ffj 

ir CO O 
U. «3 ITi 
» * ♦ 
O', C» {V, 

r 

C H 

*r CO 
4- «V 
(U *1. 

V U. 

Of 

8 

• 

Cf 

CV rs 

sa 
» # 

Oi O i cu 
Eco c.' 
c! 

Ot Or o. 

• 1 1 
o 

O t u# IG 
isfiU 

O C Q 

» • • 
O 

O, Cl «, 

» 1 1 
o 


ug ui» u» 

«*/ f*4 f»# 


%88 

OOG 


S o a 
o o 
o o o 


NN IS 
• • ( 
f»< O. O'# 


h» N Is 
* a • 
o# fr# Of 


fs rs is 
♦ 4 * 

Oa <V, rr# 


p*. rs *s 
Cr IV, (n! 


*U 

CL 

4-» J» 

a* X a, 
ua; 
p *vl 
6S.o 
^ c 

V* 


CO CG CO 

• 4 f 

o 


cc CO OCi 

• • 4 

c. 


CV CM <V 
• • :• • 
ri rs r- 


4-» >r* fL 
v.’UO 
fl* C. »r* 

*“ 8 ~ 


r". CV Co Pi 0, Or M CU, U'. U U' CL U, «. 



•S& "*e is 

^ OUALrTY 


£ 

bH 

» 

Si 

Q. 

UJ 

£ 

■q, 

tr 

3 

a. 

i- 


SC 


w 

UJ 

M 

k! 


u. 

uj 

?*’ 

o 

hn 

ft 

-j 

cu 

u. 

o 

c. 


UJ 

_l 

Ol 


u 

tU 

c 

V. 

a 

Xj *J 

V. Cj 
Os r— 
4~* C. 
v+- »r» 
«* 


ru 

f*) 

CO 

(VJft) 
cf< V, 

•sr si st 

rtrt m 

m si rQ 
sr cvj O 

»-1 tfill-H 

r- 1 o IT # 

S&S 

a. 

in 

H 

in ir# 

r**« r-i 

odd 

H Hf»l 

GOO 
rt r*t H 

U*J W*i it t 

V"l r“J f*i 

u> in in 

H »*1 H 

u 

X 

Oi 

• 

o 

r~i 

10.7 

3C.8 

QUO 

t i t 

tv rv tv 

CV r- t Oi 
• » 1 
p* P* to 

tv IT. Ol 
«g p» u. 

* t » 

o o o 

htn H 

rv co cv 

Pi Pi si 

iii 

o OO 

m r"i r-4 


C. >» 

o u 

•t- t, 
J-> 0, 
t/l >r* 

a u 

>r* 

4. 
_ 4- 
<_ QJ 


00 

ut 


Oi f-s 

O cj ' 


Ps OJ 

o> o 


oo oo cu 
0 > 0 ‘ o 


oio.ic a. cy 

O Ol o o< Oi 


ti 

S S 

ip* 
U J*J 

t> ns 

jw i* 
C. 3 
O D 

E 

r— 

ro ns 

<p* ip* 

Jr 

<U CU 
•p 4*1 

ns ns 

a: s. 

4- 4* 
Q C 

r- r— r~ 

nj ns iu 

>r* »r- *r* 
G G G 

g G g 

4a 4«4 
IU A3 ru 
X 2u** 

H-V'f* 

GOO 

r-* r— * r— 

n. ft. ft. 

ip* *r* i|— 

u J- u 
a. Qs a. 

U 4- 4- 
«u A3 (U 

a. a. a. 

4-4-4- 
C O O 

V- 

r-* 


r— (w* 

1_ «- S- 

r***. r—» 



r— f— 

*r» *r~ ’r* 

r-» r~ r~* 

t 'r *r 

r-* r— r~ 



*r* tp* 

* X 3. 

if** *f* tf* 

i J i 

*r •r" *r-* 

•4. 

so 

CL. a; 

Ui CPI V) 

a. a. as 

<Si t/l lO 

CO CO 03 


a. 

> 

0/ 


u 

O' 


CO 

Q. 



*o 


d 

o 


Oi o- 

O’. O* 

u 



t* u 

G G 

*r» 

•r* 


If-. *r- 

*r- ‘r* 

G 

G 


C. C 

G G 

V. 

U 


G G 

G G 


S3 


D 13 

13 O 

X. 

X 


X X 

43 43 

u 

u 


G G 

G G 

G 

G 

G 

G G 

G 4: G 

4-* 

4a 

4-» 

•H 4-* 

4a 4a 4a 

4*, 

4- 

rV 

4- 4- 

ns 4* 4- 

Arf 

A) 

•r* 

ru g 

*P* iu ns 



•u 


•a 

f-ra 


G 

r~ G 

3; i - * fe 

nu 



ru 5 

E ts» 5 

•r* 

E 

£ 

•r* E 

C it- s 

4-r 

‘r 

G 

X *r* 

Ql 4J 'P* 

G 

X 

4*> 

G X 

+J U X 

ru 

ru 

G 

G G 

CJ (V ft} 

Cl 

■sL 


CL 2. 

i-Cui. 


o. o* 
c. to 
•r» >r* 
C. (0 
u u 
o a 

■to JO 
U !_ 
10 0. to 
O' 4J J* 
(O 4- 4- 
•r* US (O 

"<£ l 

8 

<L 4-» ir* 

+-* U X 
C G G 
^ CU ^ 


> r- E 
ns a 


G 

*G 

13 

4 a 

»r* 

X 

r- 

G 

ft 

vt 

0 / 

C, o 
o o 
o o 

It to 

p-i p, 

ggg 

o o o 
Ui ir. u; 

«3 S| Cl 

g §8 

ir m u 
*a 

X) 

G 

44 

G 

r* 

a 

E 

r-4 

o 

• 

rv p* 
O CJ 

• » 

nrtr. 

N N fN 
• * • 

r-» r"! r-i 

I s * l*s 
» ■ • 

E 


o 

o o 

Pi P. P. 

P Pi Pi 

»r* 

w 



r~ r~r 

r~t r*«» »ot 

r-i ir*i 



p* Ok p* 


r-^ i — r~- 


O. f», CV; P . OY P'| 


TO 

Ol 

+* „ u 

m j- to 

*a ns e 

£. 5. => 

•r> (0 

t/l 


CC 


tX CO 


co co a 

• • • 

c. 


cc a, co 

» • * 

o 


CV, CV CV CV.CS.CV 


28 



fft 

ORIGINAL PARC 

K L ACK AND WHILE PHOTOGRAPH 



hgtire l. Afterburning (ortolan engine intuited in altitude test (.handler. 
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Figure 4. Gas anal\its system. 
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Figure 5. ‘Total temperature distribution. 
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(a) Intermediate power (nonafterburning). 
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Figure 6. - Local fuel-air ratio (FAREMISS) profile. 
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Figure 7. - Concluded. 
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Figure 8. * Hydrocarbon concentration profiles, 
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Oxides of nitrogen concentration. NO x PPM, ppsw 
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Figure 9, - Oxkles of nitrogen concentration profiles, 
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(i) Intermediate power (nonaflerburnlng). 
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Figure 10, - Carbon dioxide concentration 


Carbon dioxide concentration, CO^FM, ppow 



Figure 10, - Concluded. 
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Figure |1. * Exhaust total pressure profile. 
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Figure It » Comparison of gas sample and metered fuel-air ratio. 
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Figure 13, - Variation of carbon monoxide with gss sample fuel-air ratio. 




o Mach a 8 at lft 9? km, maximum afterburning, partial swirl 

• Mach ft 8 at lft 97 km, maximum afterburnlny, Bill of Material 

A Mach ft 8 at lft 97 km, Intermediate, Bill of Material 

O Mach ft 8 at 13.71 km, maximum afterburnlny, partial swirl 

A Mach ft 8 at 13,71 km, partial afterburning, partial swirl 

□ Mach ft 8 at 13, 71 km, Intermediate, partial swirl 

W Mach ft 8 at 13. 71 km, maximum afterburning, Bill of Material 

■ Mach ft 8 at 13,71 km, partial afterburning, Bill of Material 

► Mach ft 8 at 13.71 km, Intermediate, Bill of Material 

D Mach 1.2 at 13.71km, intermediate, partial swlri 

a Mach 1,2 at 13,71 km, partial afterburning, partial swirl 

> Mach 1.2 at 13, 71 km, maximum afterburning, partial swirl 

• Mach 1,2 at 13. 71 km, Intermediate, Bill of Material 

... • Mach 1.2 at 13.71 km, partial afterburning, Bill of Material 

I2xlff 4 Mach 1,2 at 13.71 km, maximum afterburn In a. Bill of Material 
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Figure 14. » Variation of carbon Otoxltfe with gas sample fuol-alr ratio, 

O Mach ft 8 at lft 97 km, maximum afterburning, partial swirl 

• Mach ft 8 at lft 97 km, maximum afterburning, Bill of Material 

A Mach 0,8 at 10.97 km, Intermediate, Bill of Material 

O Mach ft 8 at 13.71 km, maximum afterburning, partial swirl 

A Mach 0.8 at 13.71 km, partial afterburning, partial swirl 

□ Mach ft 8 at 13.71km, Intermediate, partial swirl 

• Mach 0.8 at 13.71km, maximum afterburning, Bill of Material 

■ Mach 0,8 at 13.71 km, partial afterburning, Bill of Material 

► Mach ft 8 at 13. 71 km, Intermediate, Bill of Material 

D Mach 1.2 at 13, 71 km, Intermediate, partial swirl 

a Mach 1.2 at 13.71 km, partial afterburning, partial swirl 

> Mach 1,2 ai 13,71 km, maximum afterburning, partial swirl 

■ Mach 1, 2 at 13. 71 km, Intermediate, Bill of Material 

• Mach 1. 2 at 13. 71 km, partial afterburning, Bill of Material 
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Figure 15. - Variation of hydrocarbon with gas sample fuol-alr ratio. 





O Mach 0.8 at 10.97 km, maximum afterburning, partial swirl 

• Mach a 8 at 10,97 km, maximum afterburning, Bill of Material 
▲ Mach a 8 alia 97 km, Intermediate, Bill of Material 

O Mach a 8 at 13. 71 km, maximum afterburning, partial swirl 
A Mach as at 13,71 km, partial afterburning, partial swirl 
□ Mach as at 13,71 km, Intermediate, partial swirl 
9 Mach a 8 at 13. 71 km, maximum afterburning, Bill of Material 
■ Mach a 8 at 13. 71 kffl, partial afterburning, Bill of Material 

► Mach a 8 at 13,71 km, Intermediate, Bill of Material 
D Mach 1,2 at 13.71 km, Intermediate, partial swirl 

a Mach 1.2 at 13.71 km, partial afterburning, partial swirl 

> Mach 1.2 at 13.71 km, maximum afterburning, partial swirl 

• Mach 1.2 at 13. 71 km, Intermediate, Bill Of Material 

• Mach 1.2 at 13.71 km. partial afterburning, Bill of Material 
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Figure 16. - Variation of oxides of nitrogen with gas sample fuel-air ratio. 


